Supersonically cooled discharge radical atom sources are combined with high-sensitivity IR absorption methods to investigate state-to-state reactive scattering of Fϩn-H 2 →HF(v,J)ϩH in low-density crossed supersonic jets at center-of-mass collision energies of 2.4͑6͒ kcal/mole. The product HF(v,J) is probed with full vibrational and rotational quantum state selectivity via direct absorption of a single mode (⌬Ϸ0.0001 cm Ϫ1 ), tunable F-center laser in the ⌬vϭ1 fundamental manifold with near shot noise limited detection levels of 10 8 molecules/cm 3 /quantum state per pulse. The high absorption sensitivity, long mean free path lengths, and low-density conditions in the intersection region permit collision-free HF(v,J) rovibrational product state distributions to be extracted for the first time. Summed over all rotational levels, the HF vibrational branching ratios are 27.0͑5͒%, 54.2͑23͒%, 18.8͑32͒%, and Ͻ2͑2͒%, respectively, into v HF ϭ3:2:1:0. The nascent vibrational distributions are in good agreement with rotationally unresolved crossed-beam studies of Neumark et al. ͓J. Chem. Phys. 82, 3045 ͑1985͔͒, as well as with full quantum close-coupled calculations of Castillo and Manolopoulos ͓J. Chem. Phys. 104, 6531 ͑1996͔͒ on the lowest adiabatic FϩH 2 potential surface of Stark and Werner ͓J. Chem. Phys. 104, 6515 ͑1996͔͒. At a finer level of quantum state resolution, the nascent rotational distributions match reasonably well with full quantum theoretical predictions, improving on the level of agreement between theory and experiment from early arrested relaxation studies. Nevertheless, significant discrepancies still exist between the fully quantum state-resolved experiment and theory, especially for the highest energetically allowed rotational levels.
I. INTRODUCTION
A detailed understanding of fundamental chemical reaction dynamics from first principles has represented a longstanding challenge to the chemical physics community. Although the ultimate achievement of this goal will require much further theoretical and experimental effort, there has been enormous progress in these directions in recent years. This progress largely reflects rapid advances in ͑i͒ quantum state resolved experimental techniques, ͑ii͒ development of accurate high level ab initio potential energy surfaces ͑PES͒, and ͑iii͒ theoretical tools for performing high-level dynamics calculations on such surfaces in full dimensionality. By virtue of the intrinsic complexity of polyatomic reaction dynamics, a logical focus of theoretical and experimental efforts has been toward fundamental three-atom hydrogen abstraction processes, the classic prototype for which has been the FϩH 2 →HFϩF reaction. Indeed, the reaction dynamics of this ''benchmark'' system has remained a central target of chemical physics research 1, 2 nearly three decades after chemiluminescence, [3] [4] [5] chemical laser, 6 and crossedbeam 7 experiments began to yield the first quantum state-tostate results.
The FϩH 2 →HFϩH chemical reaction has played an enormously important role in the development and testing of theoretical reactive scattering methods for several reasons. First of all, this system represents an excellent prototype of low-barrier exothermic H-atom abstraction, yet it is small enough in total electron number and nuclear degrees of freedom to be currently tractable with high-level ab initio methods. Consequently, there has been a large number of potential energy surfaces developed for this system with which to investigate the dynamics of simple atom transfer reactions. [8] [9] [10] [11] [12] The availability of these surfaces has facilitated detailed classical, [13] [14] [15] [16] quasiclassical, [17] [18] [19] and quantum mechanical [20] [21] [22] [23] [24] [25] studies of the reaction dynamics, in particular elucidating the final rotational, vibrational, and angular distributions of the HF(v,J) products. One major breakthrough in this direction has been the development of theoretical tools for fully converged quantum reactive scattering calculations for atomϩdiatom systems. In conjunction with high-quality ab initio methods, these combined capabilities now open up exciting prospects for a truly rigorous, ''first principles'' comparison between full quantum state-to-state resolved experiments and exact quantum reactive scattering a͒ Permanent address: New Focus, Inc., 2630 Walsh Avenue, Santa Clara, CA 95051. b͒ Author to whom correspondence should be addressed. dynamics, at least for reactions occurring on a single adiabatic potential surface. [26] [27] [28] The experimental literature on FϩH 2 reactions is impressively extensive. From a thermally averaged perspective, there have been numerous temperature-dependent kinetic studies of FϩH 2 reactions, which have provided rate constants, activation energies, and Arrhenius pre-exponential factors [29] [30] [31] for the atom abstraction event. Such results provide useful experimental constraints with which to test both potential surfaces and dynamics calculations, but the strength of these comparisons is substantially weakened by extensive thermal averaging over the initial and final quantum state distributions of reagents and products. From a more quantum state-resolved perspective, the exothermic FϩH 2 reaction results in a strong vibrational and rotational population inversion in the HF product, which has permitted detailed studies of state-to-state reaction dynamics; for example, via tandem chemical laser gain experiments by Pimentel and co-workers. 6, 32, 33 Of special historical importance have been the pioneering ''arrested relaxation'' studies of Polanyi and co-workers, which exploited FTIR chemiluminescence methods [3] [4] [5] to probe rovibrational distributions of the product HF(v,J) states under low-pressure, continuous flow conditions. The key advantage of these chemiluminescence methods for Hatom abstraction is that IR emission from all rovibrational levels of the HF(v,J) product can be readily resolved with modest spectral resolution. Due to finite pressures and residence times in the FTIR region, however, the newly formed HF products experienced multiple collisions and thus suffered partial rovibrational relaxation prior to detection. Consequently, the ''nascent'' ͑i.e., collision-free͒ rovibrational distributions of HF could only be estimated by repeated experiments as a function of flow cell densities and extrapolation to the zero-pressure limit. Despite limitations due to collision effects, however, the Polanyi studies provided a major advance in our understanding of AϩBC reaction dynamics. Indeed, the legacy of these arrested relaxation methods has been an impressive body of state-resolved rate data for several atomϩdiatom systems. In turn, these data have been responsible for stimulating the development and testing of many fundamental concepts in microscopic reaction rate theory.
With even more detailed control of the reactive event, elegant crossed-molecular-beam methods developed by Lee and co-workers 7, 34, 35 and Toennies and co-workers [36] [37] [38] have been used to investigate differential reactive scattering of FϩH 2 ͑and isotopic variants͒ for a series of center-of-mass collision energies. Under crossed-beam conditions, the number densities in the intersection region are low enough to prevent collisional relaxation of the initial HF(v,J) product state distributions, which can therefore be measured by timeof-flight analysis of recoil velocities. However, even with heroic improvements in these beam techniques by Faubel et al., [36] [37] [38] such time-of-flight methods still offer only rather modest kinetic energy resolution (Ϸ10 2 cm Ϫ1 ) of the HF product recoil in comparison with laser or chemiluminescence detection methods. As a result, these beam studies yield data primarily on HF vibrational populations, with more limited information on rotational distributions extracted from detailed modeling and contour analysis of the time-of-flight data. Nevertheless, due to exquisite angular and center-of-mass energy resolution, these crossedmolecular-beam methods have provided the most detailed information to date on FϩH 2 reactions, specifically on vibrational state-resolved angular distributions of reactively scattered HF. For example, the studies of Neumark et al. 34, 35 yielded first indications of a strong dependence of differential cross sections on vibrational state, shifting from predominantly backward-to forward-scattered HF(v) products for the highest energetically accessible vibrational level. These vibrationally state-resolved data stimulated considerable theoretical interest [26] [27] [28] [39] [40] [41] in the possible role of dynamical quantum scattering resonances of the FϩH 2 potential surface.
Our group has recently been developing pulsed discharge sources of jet-cooled radicals for investigation of state-to-state reaction dynamics with high spectroscopic resolution. 42, 43 The sources rely on striking a discharge behind the limiting aperture of a supersonic slit or pinhole nozzle, which effectively confines the plasma in the stagnation region. In favorable systems the source can produce radical densities on the order of 10 15 /cm 3 at the expansion orifice. These high radical densities prove sufficient for reactive scattering studies with a second jet of supersonically cooled reagents, 44 while yielding adequate product state densities for detection via shot-noise limited direct absorption with a high-resolution, tunable IR laser ͑see Fig. 1͒ . The powerful advantage of such an approach is that one can simultaneously achieve spectroscopic ͑i.e., ⌬Ϸ0.0001 cm Ϫ1 ͒ levels of complete product quantum state resolution, while rigorously maintaining single collision conditions. In a very interesting complementary direction, there have also been recent molecular beam measurements from Keil and co-workers 45 that combine HF chemical laser excitation and bolometric detection to probe angularly resolved, differential reactive scattering into selected rotational levels in the HF(vϭ2) manifold. The focus of the present work is to exploit the highresolution IR laser-based absorption method for extracting nascent product state distributions from the FϩH 2 reaction under single collision conditions. Our approach is based on the following. First, a primary pulsed supersonic discharge source of F-atoms is collided with a secondary pulsed jet of H 2 molecules sufficiently far downstream of the nozzle to ensure long mean-free-path length, molecular beam collisions. Second, the H 2 beam densities and intersection path lengths are chosen to permit only a small fraction ͑Շ3%-4%͒ of the F-atoms to react, which for the current center-ofmass collision energy ͓E com ϭ2.4(6) kcal/mole͔ and reaction exothermicity can energetically access HF products in up to vϭ3 ͑see Fig. 2͒ . Third, this product HF(v,J) is probed in the intersection region by high-sensitivity direct absorption of single mode tunable F-center laser light. As a function of laser tuning, these spectral data yield Doppler limited profiles on reactively scattered product HF(v,J) over the complete manifold of vibration/rotation quantum states. Finally, in conjunction with previously measured rovibrational transition matrix elements for HF absorption/emission, nascent product state distributions can be extracted for each of the energetically accessible rovibrational levels.
The rest of this paper is organized as follows. In Sec. II, details of the experimental method are presented, followed in Sec. III by sample data and necessary experimental diagnostics. In Sec. IV we report rotationally resolved absorption/ emission data for the energetically accessible HF(vр3, J) rovibrational manifold, which are used in Sec. V to extract nascent state populations. A major focus of this work is to provide the first rigorous comparison of measured rovibrational HF(v,J) populations with theoretical predictions from current state-of-the-art ab initio/quantum dynamics calculations. Specifically, our results are compared in Sec. VI against fully converged, three-dimensional ͑3-D͒ quantum reactive scattering calculations performed by Castillo and Manolopoulos 28 on the lowest adiabatic F( 2 P 3/2 )ϩH 2 potential energy surfaces of Stark and Werner, 27 with additional comparisons made with previous experimental studies of Lee and co-workers 34, 35 and Polanyi and co-workers. 4 Conclusions and directions for future work are summarized in Sec. VII.
II. EXPERIMENT
The experimental apparatus for state-to-state reactive scattering of FϩH 2 is based on a modification of earlier experiments for investigating state-to-state inelastic scattering, schematically shown in Fig. 1 . The main technical advance that makes these reactive scattering experiments possible has been the development of pulsed slit discharge sources to produce high densities/absorption path lengths of jet-cooled radicals. 43, 44 The success of these techniques for highresolution, jet-cooled radical spectroscopy has prompted us to further develop smaller pinhole and/or mini-slit apertures for use in reactive scattering experiments, as elucidated in Fig. 3 . Basically, a thin ͑ϳ0.5 mm͒ discharge region is formed by gated voltage pulses ͑Ϸ300-1000 V͒ applied across a Vespel insulator between the valve body and shaped electrodes that form the limiting expansion aperture. This design fully localizes the discharge behind the nozzle orifice, which therefore permits efficient jet cooling of the expanded radical species down to T rot Ϸ10-20 K. Furthermore, the thickness of the discharge region limits the residence time of the precursor radical species in the discharge to Շ1 s, which effectively eliminates subsequent bimolecular or termolecular radical chemistry from taking place. As noted in previous work, 43, 44 it is also important that the voltage pulse polarity across the electrode/aperture be negative with respect to the valve body, which allows the heavier cations to flow downstream while permitting higher mobility electrons to flow upstream against the bulk gas flow. This promotes a much more stable, volume-filling glow discharge instead of spatially localized filamentary breakdown.
The pulsed discharge generates on the order of 10 15 F-atoms/cm 3 upstream of the limiting expansion orifice. The stagnation gas for the current studies is 5% F 2 in He at 50-100 Torr (1 Torrϭ133.3 Pascal), though other F-atom precursors such as CF 4 and SF 6 have also been investigated. The discharge strikes automatically by applying ϷϪ800 V bias to the electrode/aperture during the Ϸ1-2 ms gas pulse. Computer-controlled timing circuits limit the discharge to a short temporal window ͑Ϸ500-700 s͒ near the peak of the gas flow. This serves both to better match the timing of the H 2 pulse and to eliminate occasional arcing in the vacuum chamber between pulses. The resulting 10-40 mA peak currents are stabilized with a ballast resistor ͑1-5 k⍀͒ in series with the discharge. The F-atoms are presumably formed from F 2 in the stagnation region by rapid associative detachment 46 occurring at near Langevin rates
energetically driven by the electron affinity of F. 47 Both slit and pinhole modifications of the source have been used for F-atom generation. Because the small slit source (300 mϫ5 mm) is used at an order of magnitude longer distance ͑Ϸ4.5 cm͒ from the probe volume than the slit length, the F-atom density in the beam intersection region is effectively similar to a pinhole orifice of the same cross-sectional area. Indeed, relative HF(v,J) populations measured with the two source geometries are identical within experimental uncertainty, and thus the choice between pinhole and small slit aperture sources is largely a matter of convenience. However, long-term stability of the discharge is empirically found to be much better with the slit source, providing over 100 h of operation between routine maintenance. With pulsed valve repetition rates kept to р10 Hz, a 10 inch diffusion pump equipped with a liquid N 2 -cooled baffle maintains a background pressure of Շ5ϫ10 Ϫ5 Torr in the 64 L vacuum chamber.
The H 2 supersonic jet is formed through a piezoelectric valve based on the design of Proch and Trickl. 48 The conditions are 100-400 Torr backing pressure of neat H 2 or H 2 /rare gas mixtures with a typical pulse duration of 300 s and effective aperture diameter of 200 m. The H 2 stretch is IR inactive, thus it is not possible to probe the rotational distribution of the jet-cooled H 2 reagent beam with direct absorption laser methods. Alternatively, however, dopant levels of IR absorbing molecules with comparable energy spacings are used as a rotational ''thermometer'', based on collisional equilibration in the expansion. Specifically, the jet rotational temperatures have been independently characterized in separate experiments by adding 1% CH 4 to the stagnation mixtures, and monitoring direct IR absorption out of individual rotational levels in the 3 CH stretch absorption band. 49 For typical stagnation pressures and expansion conditions, the CH 4 is almost completely cooled down into the lowest A(Jϭ0), F(Jϭ1) and E(Jϭ2) levels allowed by nuclear spin symmetry. From a Boltzmann analysis, the rotational temperature is found to be on the order of T rot Ϸ30 K, which provides a lower limit for the H 2 distributions. However, even if cooled only to T rot Ϸ100 K, H 2 would still be essentially collapsed into its lowest nuclear spin-allowed states, namely jϭ1 ͑ortho͒ and jϭ0 ͑para͒ in a 3:1 ratio, with the first excited para ( jϭ2) and ortho ( j ϭ3) state populations down by an additional 2-3 orders of magnitude.
The crossed jets intersect 4.5 cm downstream of the nozzles, where for typical backing pressures and peak gas densities in the intersection region, the F-atoms have Շ3%-4% probability of colliding and reacting with H 2 . This is comparable to the probability of subsequent inelastic collisions of the resulting HF(v,J) products in the reaction zone; any rovibrational relaxation of the HF(v,J) distributions is therefore also limited to a few percent even for gas kinetic processes, which is explicitly verified in Sec. IV by stagnation pressure-dependent studies as a function of beam density. The time profile of both F-atom and H 2 gas pulses is monitored with miniature hearing aid microphones mounted inside the vacuum chamber on translatable stages, which facilitates temporal overlap of gas pulses in the intersection region.
III. SAMPLE DATA AND DIAGNOSTICS
The HF(v,J) reaction products are probed on ⌬vϭ1, P or R branch transitions with a single-mode, color-center laser beam multipassed 16 times through the intersection region with a cylindrical Herriot cell. 50 Near shot-noise limited absorption sensitivities are achieved by a combination of ͑i͒ dual beam differential detection on matched InSb detectors and ͑ii͒ electro-optic servo control of the color-center laser intensity, with feedback from IR light on a reference detector used to correct the intensity of the Kr ϩ pump laser. This servo-loop control permits readily detectable signals at Շ10 Ϫ5 absorbance levels in a 10 KHz detection bandwidth, which for Ϸ500 MHz Doppler-broadened lines of HF translates into sensitivities on the order of Շ10 8 mol/cm 3 /quantum state per pulse. The laser wavelengths of specific HF rovibrational transitions 51, 52 are located to within their Doppler widths using a traveling Michelson interferometer of the Hall and Lee design. 53 Sample time domain absorption data is shown in Fig. 4 , where the laser is tuned to the top of the Doppler profile for the R(1) line of the vϭ4←3 vibrational manifold and signal averaged for Ϸ1000 pulses. The F-atom discharge voltage is Ϸ500-700 s long and centered on the H 2 pulse; thus, the nascent HF absorption signal directly maps out the 300 s profile of the H 2 gas flow. The signals correspond to peak absorbances of Ϸ0.14% and an rms absorbance noise floor of Ϸ7ϫ10 Ϫ6 . It is worth noting that direct IR laser absorption techniques naturally yield absorbance signals in absolute units; in conjunction with known IR transition moments, this permits the absolute column integrated concentrations ͑or more rigorously concentration differences͒ of HF(v,J) to be determined directly. For example, the peak HF absorbance signal in Fig. 4 corresponds to an absolute column integrated den-sity of 2.0ϫ10 10 mol/cm 2 , which from Doppler measurements of jet divergence translates into a quantum stateresolved product density of ͓HF(vϭ3,Jϭ1)͔Ϸ3 ϫ10 9 mol/cm 3 in the intersection region. [51] [52] [53] [54] Based on the observed signal-to-noise ratio ͑S/N͒, this corresponds to a minimum detection level of ͓HF(v,J)͔ of Շ10 7 mol/cm 3 per quantum state with only modest signal averaging. By delaying the discharge voltage, these time domain studies also provide a simple test that HF product is formed only during the temporal overlap between F-atom and H 2 pulses. This is shown in Fig. 5 , which displays the timeresolved HF absorption profile ͑centered at tϭ0͒ for vϭ4 ←3, R(1), with the discharge pulse ͑i͒ coincident with, ͑ii͒ partially overlapping, and ͑iii͒ prior to the H 2 pulse. The data illustrate that the HF signals faithfully map out the H 2 density, and for partially overlapping F-atom and H 2 pulses ͑see middle panel of Fig. 5͒ , the HF absorption signals decay rapidly to zero when the discharge voltage is shut off. This time decay of the HF signals is consistent with the angular spread of the F-atom and H 2 jets, which causes some dispersion in time-of-flight delay from the nozzle orifice to the intersection region.
Although previous direct absorption studies indicate that ion densities in the intersection region are down from radical densities by at least 2 orders of magnitude, 43, 44 it is nevertheless important to test explicitly for contribution of any charged species to the reactive scattering signals. To achieve this, deflector plates (2.0ϫ4.0 cm) placed 8.0 cm apart, 0.5 cm downstream of the discharge aperture ͑see Fig. 6͒ are charged up to a 1000 V potential difference, with the deflection voltage switched on as the laser is tuned through the center frequency. The corresponding field strengths ͑up to 125 V/cm͒ are at least an order of magnitude greater than necessary to deflect charged species away from the jet intersection region. As shown clearly in Fig. 6 , neither the inten- FIG. 5 . Demonstration of temporal overlap between F-atom discharge with HF absorption signals. The rectangular curves represent the F-atom discharge current ͑scale on right͒, which have been progressively delayed with respect to the H 2 pulse centered at tϭ0. Note that the HF signals ͑scale on left͒ only occur during the precise overlap of the F-atom and H 2 pulses, and that the HF signals rapidly go to zero when the F-atom discharge source is shut off. Ϫ6 absorption units, corresponding to a minimum detectable HF product density р10 7 mol/cm 3 /quantum state.
sity nor symmetry of the absorption profile is altered by the presence of the electric deflection field, confirming negligible contributions to the observed reactive scattering signals from ion-molecule processes.
For comparison with previous theoretical and experimental studies, the center-of-mass collision energy (E com ) is specified in two ways. First, IR chromophores ͑typically CH 4 ͒ are doped at 1% levels into the two beams and used to characterize both the jet velocities and velocity distributions by high-resolution IR laser Dopplerimetry. 49, 55 However, one can also measure the lab-frame speeds in situ for each of the gas mixtures by translating a miniature hearing aid microphone along the jet axis and measuring the time-of-flight delay in the pulse arrival. This much simpler alternative proves to be remarkably reliable, yielding centerline jet speeds accurate to within a few percent, as quantitatively confirmed both by the high-resolution Dopplerimetry studies and detailed thermodynamic calculations of an adiabatic expansion. 56, 57 The angular profiles of the free jets are also independently determined via deconvolution of highresolution Doppler profiles in each of the expansions. These center line speeds and angular distributions are then used in Monte Carlo simulations of the jet intersection region to evaluate the mean value and spread in center-of-mass collision energy, ͑i.e., E com and ⌬E com ͒, averaged over all relevant collision geometries. This proves to be especially crucial for energy-dependent studies of the quantum state-tostate FϩH 2 reaction cross section, as reported elsewhere in detail. 57 For the present studies, however, we are interested predominantly in nascent state distributions of HF(v,J) at a single center-of-mass collision energy for neat ͑у99.99%͒ H 2 and 5.00% F 2 /He. These measurements yield jet speeds of 2.50 (8)ϫ10 5 and 1.48(7)ϫ10 5 cm/s, respectively, which for the current right angle collision geometry corresponds to center-line collision energies of 1.84 kcal/mole. When Monte Carlo averaged over the angular spreads determined from high resolution IR Dopplerimetry for the two jets, this translates into an average center-of-mass collision energy of 2.4͑6͒ kcal/mole. Though somewhat larger, this is comparable to the 1.84 kcal/mole center-of-mass collision energies used by Lee and co-workers, 34, 35 as well as in theoretical calculations by Manolopoulos and co-workers, 26, 28, 58 which prompts us to make comparison with these previous studies.
IV. RESULTS AND ANALYSIS
For each rotationally resolved transition, the timeresolved HF signals are captured by a transient digitizer, integrated over the central 100 s portion of the pulse duration, and stored on computer as a function of laser detuning. Sample results for J-dependent absorption signals in the HF(vϭ3,J) manifold are shown in Fig. 7͑a͒ , obtained for single gas pulses with no signal averaging. Note the strong rotational-state dependence of the signals, which drop rapidly to zero near the energetic upper limit of HF(vϭ3,J ϭ5). This provides additional confirmation that the HF is produced solely by neutral FϩH 2 reactions and not influenced by any secondary reactions of HϩF 2 , which can energetically form 54 up to vϭ10. The spectral line widths (⌬ Ϸ500 MHz) are more than 2 orders of magnitude larger than the laser line width (⌬Ϸ1 MHz), thus demonstrating velocity-resolved Doppler profiles for the reactively scattered HF(v,J) product. In principle, these Doppler profiles can be analyzed to extract perpendicular velocity distributions in the lab frame for quantum state-resolved HF products. However, there are significant contributions to these linewidths due to angular divergence of the jets; thus, a detailed Doppler analysis of the recoil velocities is deferred until data in a skimmed expansion geometry is available. For present purposes, the signals are integrated over the observed Doppler profiles, which rigorously yield absolute column-integrated densities over the absorption path length.
Formation of product HF(vϭ4,Jϭ0) is significantly endothermic ͑Ϸ8 kcal/mole͒ and therefore energetically inaccessible at 1.84͑14͒ kcal/mole center-of-mass collision energies. Thus, the vϭ4←3 signals in Fig. 7͑a͒ reflect pure absorbance due to optical excitation out of the HF(vϭ3,J) manifold. However, direct absorption methods coherently probe the competition between stimulated absorption and emission phenomena; hence, the HF(v,J) signals reflect degeneracy weighted population differences between the upper and lower rovibrational states. This is especially relevant for strongly exothermic processes such as FϩH 2 that populate a large manifold of vibrational levels. Figure 7͑b͒ illustrates one such set of data obtained from vϭ3←2 transitions out of the vϭ2 vibrational manifold, which for sufficiently low FIG. 7 . Sample absorption data on ͑a͒ the HF(vϭ3,J) rotational manifold and ͑b͒ selected J-levels in the HF(vϭ2,J) rotational manifold, indicating full resolution of the product high-resolution Doppler line shapes. Only a single pulse is accumulated for each Doppler detuning, which accounts for the 30-fold-lower signal-to-noise ratio than observed in Fig. 4 , where 1000 pulses have been averaged. Note the presence of both stimulated absorption ͑upper panel͒ and stimulated emission ͑lower panel͒ signals, depending on whether the reaction leads to a population inversion on the transition of interest. Note also that the profiles show definite Doppler structure ͑lower panel͒ at high and low detuning, which reflects information on velocity distributions of the nascent HF(v,J) products.
J-values access upper vϭ3 states directly populated by the FϩH 2 reaction. Thus, more generally speaking, the observed signals reflect the lower (v,J) and upper (vЈ,JЈ) state populations according to 54 ͵ A͑ ͒dϭ
͑2͒
where ͐A()d is the integrated absorbance for a single rovibrational transition ͑unprimed/primed quantities refer to the lower/upper vibrational manifold͒; v Ј ,v (m) is the transition dipole moment; and m(J)ϭϪJ or Jϩ1 for P-or Rbranch transitions, respectively. The signals can therefore appear as net stimulated absorption or emission ͑i.e., ''negative absorption''͒ depending upon the sign of the degeneracy weighted population differences. By way of example, the first profile in Fig. 7͑b͒ is a scan over the vϭ3←2R(0) transition which near line center appears as stimulated emission, indicating that for slow HF products the degeneracy weighted population of HF(vϭ3,J ϭ1) exceeds that of HF(vϭ2,Jϭ0). However, the population inversion changes sign symmetrically in the wings of the Doppler profile, consistent with the greater HF velocity recoil anticipated for comparable J-levels in the vϭ2 vs 3 manifold. For vϭ3←2,R(2), both upper and lower populations are large, but the measured population difference is small and integrates to a net absorption. Again, the Doppler structure reveals subtle velocity structure in the degeneracy weighted population differences. Specifically, the signal becomes slightly more positive in the high-velocity wings of the Doppler profile. The third transition is vϭ3←2,R(5) and appears as a pure absorption due to the absence of significant population in HF(vϭ3,Jϭ6).
To extract nascent HF product distributions, we first obtain an overdetermined set of integrated absorption signals that interconnect rovibrational levels in the energetically accessible manifold ͑see Fig. 8͒ . The necessary dipole matrix moments and frequencies for each fully rovibrationally specified HF transition are known from previous work by Aruman et al. 54 and Ram et al. 51 Analysis of this data can proceed in one of two ways. First, since vϭ3 is the highest vibrational state populated by the reaction, the vϭ4←3 integrated absorption measurements probe the HF(vϭ3,J) populations directly, which can be independently fit without reference to any lower vibrational manifold. Next, the HF(vϭ2,J) distributions can be extracted from least-squares fits to the vϭ3←2 data alone, where the vϭ3 populations are taken from the above least-squares fit. This procedure can then be repeated for each successive vibrational manifold, yielding rovibrationally resolved data on vϭ3, 2, 1, and 0. It is worth noting that this study reflects the first rotationally resolved product detection in the vibrationless HF(vϭ0,J) channels, which underscores one unique advantage of IR absorption vs emission-based probe methods.
A corresponding disadvantage is that absorption methods tend to amplify experimental uncertainties for the lower vibrational levels, since these depend on uncertainties in the progressively higher vibrational levels. Specifically, all other noise contributions being the same, one can easily show that the uncertainty grows with the square root of vibrational steps away from the highest populated level. To help minimize these effects, the input data represent an average over multiple spectroscopic measurements for each transition, with as many as 80 separate experimental measurements on a given vibrational manifold taken over the course of several months. From these studies, the populations in HF(vϭ0,J) are found to be zero within experimental uncertainty for each of several rotational levels tested ͑i.e., Jϭ4 -11͒. This is in good agreement with the rotationally unresolved beam data of Neumark et al. 34, 35 as well as theoretical predictions 58 on the Stark and Werner surface. 27 Alternatively, we have combined a least-squares fit to the entire set of integrated absorbance data. Since we do not have data on the HF(vϭ0,J) manifold for all energetically accessible J-values, the populations for vϭ0 are fixed at zero, consistent with the above analysis. This does not eliminate the issue described above of propagating uncertainties, since populations for the higher vibrational levels will be successively less correlated with the lower vibrational manifolds and therefore better determined. Nevertheless, this method is somewhat more reliable, since it permits a physically appropriate weighting of data by number of measurements and propagation of errors throughout the rovibrational manifold. The results for all HF(v,J) states populated by the FϩH 2 reaction are listed in Table I and plotted in Fig. 9 , where the total population summed over all J-levels is set equal to 100%.
Since the HF product spends only a few s in the laser probe region, any change in nascent population due to spontaneous emission is completely negligible ͑i.e., Ͻ0.1%͒. More potentially significant are effects due to the probe laser itself, which can in principle modify the nascent populations by stimulated emission processes. This is especially important under collision-free conditions, where the homogeneous absorption cross sections are limited predominantly by transit time broadening and can be much larger than the peak cross sections under pressure-broadened conditions. However, by limiting the power of the probe laser to below 50 W, this contribution is less than a few percent, which is considerably smaller than the quoted experimental uncertainties.
As a final note in this section, the densities in the intersection region are kept intentionally low to prevent any collisional relaxation of the nascent HF(v,J) distribution. This can be explicitly tested by measuring rotational branching ratios into low and high J-states as a function of reagent H 2 density. In the single collision limit, such ratios should, of course, be independent of ͓H 2 ͔, whereas if collisional relaxation were occurring, one would anticipate an ͓H 2 ͔-dependent shift in rotational distributions from higher to lower J-values. Figure 10 displays the ratio of integrated absorbances for vϭ3←2R(J) branch transitions out of ''low'' (Jϭ2) and ''high'' (Jϭ8) rotational states, over a range of stagnation pressures that extends up to nearly three times the H 2 densities used for obtaining the HF(v,J) distributions reported in this work. Within experimental uncertainty, these ratios are independent of H 2 pressure, providing experimental confirmation that rotational relaxation in the intersection region is indeed negligible.
V. DENSITY-TO-FLUX TRANSFORMATION
When integrated over high resolution Doppler profiles, the direct absorption/stimulated emission signals yield absolute column integrated densities of the HF products in the intersection region. However, for comparison with theoretical calculations, the state-to-state reactive cross sections are most usefully defined in terms of reactively scattered fluxes. In order to implement rigorous comparisons with theoretical cross sections or previous beam data, one must therefore consider the density-to-flux transformation, in effect accounting for the residence time of the IR chromophore in the probe region. 55 This residence time is inversely proportional to the component of the lab-frame HF velocity perpendicular to the probe laser, i.e., v Ќ , which in turn depends upon the product's final state and scattering angle. Although this transformation can in principle be achieved by detailed analysis of the Doppler profiles, the FϩH 2 scattering system offers several dynamical simplifications that make this unnecessary. First, conservation of energy and linear momentum dictates that most of the recoil energy is carried off by the light H-atom. Specifically, only m H /(m H ϩm HF )Ϸ5% of the total recoil velocity appears in the HF. Second, as a result of such limited HF product recoil, v Ќ is nearly equal to the lab-frame center-of-mass velocity, making the dispersion in v Ќ also small. Finally, from detailed Monte Carlo simulations for the experimental geometry, any residual effect of HF recoil velocity upon these measurements is preferentially suppressed for backward-scattered products. Since previous differential cross section measurements of vibrationally resolved FϩH 2 reactive scattering 34 show clearly that HF(vϽ3) products are predominantly backward scattered, this further limits any influence of recoil velocity on the observed signals. There is strong forward scattering of HF into the highest vibrational level, vϭ3; however, these HF(vϭ3,J) rotational states have less overall excess kinetic energy to distribute into HF product recoil, which compensates for this small effect. Thus, the density-to-flux transformation for the current scattering geometry of FϩH 2 is expected to be largely insensitive to quantum state.
This important point can be quantitatively justified as follows. For a given product state, collision energy and center-of-mass scattering angle , the range of possible final lab-frame velocities depends on the azimuthal angle , about which the scattering is symmetric. For a given HF(v,J), this can be calculated from conservation of energy and numerically integrated over . In Fig. 11͑a͒ , the resulting v Ќ () speeds are shown vs for several representative HF(v,J) product states for a perpendicular collision geometry. Note that even for the most extreme cases, the range of v Ќ () varies with HF(v,J) by only Ϯ10%. Also, for all final states, v Ќ () is nearly constant for տ/2, indicating that differential cross sections dominated by backward scattering will result in only very small corrections to perpendicular speeds in the data analysis. To take this one step further, one can use the v,J-specific differential cross sections calculated theoretically by Castillo and Manolopoulos, 58 on the Stark and Werner potential 27 to integrate v Ќ () over for each of the final HF(v,J) states. The results are shown in Fig. 11͑b͒ and indicate that the perpendicular speeds are predicted to be constant to within 5% for all HF(v,J) product states. Thus, to well within the reported experimental uncertainties, the fractional quantum state-resolved product densities shown in Table II also reflect the quantum state-resolved fluxes, which can therefore be directly compared with full close-coupling theoretical results in the following section.
VI. DISCUSSION
The highest level theoretical studies done to date on the FϩH 2 ( j) system have been the quantum reactive scattering calculations performed by Castillo et al., 28 which predict differential and integral cross sections into given HF(v,J) levels on the ground-state adiabatic potential surface of Stark and Werner. 27 These differential cross sections can be related to the experimentally observed column-integrated populations by the standard center-of-mass to lab-frame transformation. As discussed above, however, the resulting flux-toconcentration transformation between integral cross sections and populations for the current scattering geometry, kinematic mass combinations and energetics is essentially independent of HF(v,J). Thus, we can directly compare the experimental column-integrated populations with the theoretical integral cross sections, averaged over the 1:3 nuclear spin distribution of jϭ0 ͑para͒ and jϭ1 ͑ortho͒ in the low-temperature jet. These comparisons are displayed in Fig. 9 , which shows measured and predicted product state distributions ͑in % of total͒ for E com ϭ2.4(6) and 1.84 kcal/mole, respectively. The data indicate several points worth noting. First of all, the qualitative overall trends in experimental rovibrational populations are in remarkably good agreement with exact quantum theoretical predictions by Castillo and Manolopoulos 28, 58 on the Stark and Werner ͑SW͒ potential energy surface. 27 In the vϭ2 manifold, for example ͓Fig. 9͑b͔͒, both experiment and theory indicate a broad Jdistribution rising from low J and peaking at Jϭ5. The measured drop-off in population at higher J is slightly sharper than predicted theoretically, but the relative populations at Jϭ11 and 12 are again comparable. The distribution of v ϭ1 rotational states is broader still and reasonably well matched by theory ͓Fig. 9͑c͔͒. The sharp peaking of the v ϭ3 rotational distributions near JϷ1 -2 is also well reproduced, although more significant deviations are clearly evident at higher J-values. Nevertheless, the overall level of agreement is impressive and indicates strong support both for the SW potential surface 27 as well as the quantum dynamical calculations of Castillo and Manolopoulos. 58 Though the main thrust of this paper is to compare with quantum theoretical predictions, it is also worth briefly comparing with HF(v,J) populations observed in the early arrested relaxation studies of Polanyi and co-workers. [3] [4] [5] Since the HF(vϭ2) rotational levels represent the majority of the reactive flux, this vibrational manifold is chosen for comparison in Fig. 12 , where the Polanyi data reflects their best extrapolation to zero-pressure, fully ''arrested'' experimental conditions. Although the two sets of experimental results are qualitatively similar, significant differences are also clearly evident. Specifically, the crossed-jet distributions start at nonzero values at Jϭ0 and grow to a maximum by Jϭ5, whereas the arrested relaxation studies suggest vanishing J ϭ0 and 1 populations that grow to a more symmetric maximum at Jϭ7. This trend in the crossed-jet results toward lower J-state distributions might, at first, suggest partial rotational relaxation. However, this is quite unlikely, since the crossed-jet data are obtained for more than 2 orders of magnitude lower average pressures in the beam intersection region. Furthermore, the crossed-jet data are insensitive to a fourfold increase in this crossing density, as indicated in Fig.  10 . This is qualitatively different from arrested relaxation studies, where the data required explicit correction for pressure-dependent effects. Finally, it is worth noting that the experimental distributions for vϭ1 and 2 appear less symmetric than theoretically predicted from quantum calculations by Castillo and Manolopoulos on the lowest adiabatic surface, which also differs from the more symmetric distributions for these two manifolds reported by Polanyi and Woodall. 4 By summing over all rotational states in a given vibrational manifold, we can also include previous crossed-beam studies by Neumark et al. 34, 35 in these comparisons. These vibrational branching ratios for all three experimental studies are presented in Fig. 13 , and compared again with the theoretical predictions of Castillo et al. 28 on the SW lowest adiabatic potential energy surface. 27 First, the results indicate fairly good agreement between the present crossed-jet and previous crossed-beam studies. This is especially impressive since the two methods utilize fundamentally different detection schemes ͑i.e., IR absorption/emission vs electron bombardment ionization͒ for characterizing the product state vibrational distributions. Second, the overall agreement between experiments and theory is quite reasonable, although some significant differences can be noted. Specifically, theory predicts less population in vϭ1 by nearly twofold than is observed. This would suggest, despite the remarkably good agreement between theory and experiment for trends in the rotationally resolved quantum state distributions, that there still may be qualitatively important issues to be addressed in either the ab initio surfaces or the dynamics calculations.
In this regard, it is interesting to look more closely at discrepancies between theory and the current experimental results. These are most clearly evident in the vϭ3 manifold ͓Fig. 9͑a͔͒ for which calculations on the SW surface predict a significantly steeper decrease in population with increasing J than experimentally observed. Specifically, the fraction of FIG. 12. Comparison of the rotationally resolved HF(vϭ2,J) product state distributions with ͑a͒ exact quantum close coupled theory 58 on the SW potential surface 27 and ͑b͒ arrested relaxation studies by Polanyi and Woodall. ͑b͒ crossed-molecular-beam studies of Neumark et al., 34, 35 ͑c͒ the current work, and ͑d͒ theoretical predictions by Castillo and Manolopoulos. 58 vϭ3 population measured in Jϭ3 is nearly twofold larger than theoretically predicted, while this factor grows to nearly sixfold for Jϭ4. This effect is even more dramatic in Jϭ5, which is predicted to be an energetically closed channel on the Stark and Werner surface ͑i.e., the integral cross section vanishes identically͒, whereas strong experimental signals at Jϭ5 are clearly evident. The source of this qualitative discrepancy can be easily traced to errors in the potential energy surface of SW. 27 Specifically, the dissociation energies of both H 2 (D 0 ϭ36 118.6(5) cm
Ϫ1
) and HF (D 0 ϭ47 311(5) cm
) have been determined to high precision from detailed spectroscopic studies. 59, 60 Thus, the corresponding overall reaction exothermicity for ground spin orbit excited F( 2 P 3/2 ) with para H 2 ( jϭ0) is ⌬E ϭ11 192(5) cm Ϫ1 ͓32.001͑14͒ kcal/mole͔. With ortho H 2 ( j ϭ1) reagent, this makes the HF(vϭ3,Jϭ5) product channel exothermic by Ϸ0.7͑6͒ kcal/mole at the collision energies used in this work. By way of contrast, the Stark and Werner surface yields an overall reaction exothermicity of only ⌬Eϭ31.77 kcals/mole, which is 0.23 kcals/mole smaller than experimentally determined, and is the reason why the theoretically predicted HF(vϭ3,Jϭ5) populations vanish identically at E com ϭ1.84 kcal/mole. These discrepancies underscore the necessity of improving the asymptotic exit/entrance channel properties of the SW surface in order to reliably predict quantum state-resolved reaction dynamics near the energetic threshold.
As a final note, closer inspection of Fig. 9 and Table I reveals that there is also some finite population observed in HF(vϭ3,Jϭ6). This state is at the energetic upper limit and thus essentially requires the full center-of-mass collision energy plus the reaction exothermicity to access, even for the limiting case of zero kinetic collision energy recoil in the products. Such product state behavior is more dramatic in studies at lower collision energies, which reveal HF(v ϭ3,J) population in several rotational levels above the energetically accessible limit for reactions of ground spin-orbit F( 2 P 3/2 ) with either para or ortho H 2 ( jϭ0,1). It is worth noting, however, that these HF(v,J) product channels would be energetically accessible from spin-orbit-excited F*( 2 P 1/2 ) atoms at 1.15 kcal/mole higher energy, and also present in the supersonic discharge beam. This latter possibility is especially intriguing, since it would suggest contributions from nonadiabatic reaction pathways involving more than the lowest Born-Oppenheimer potential surface, a topic of considerable theoretical importance in the calculation of stateto-state reaction dynamics. [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] The possible role of such nonadiabatic processes, as elucidated by state-to-state cross section measurements as a function of center-of-mass collision energy, will be addressed elsewhere in detail.
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VII. SUMMARY
A new direct IR laser absorption-based method is described that permits nascent rotational and vibrational product distributions to be determined for FϩH 2 →HFϩH reactions in crossed supersonic expansions under single collision conditions. Populations extracted from absorption and stimulated emission signals show very good overall agreement with the predictions of Castillo and Manolopoulos 28 on the ground adiabatic potential energy surface of Stark and Werner, 27 over most of the HF(v,J) state distribution. Comparison with the early arrested relaxation studies of Polanyi and Woodall 4 indicates qualitatively good but somewhat less satisfactory agreement with both the present results as well as theoretical calculations, especially for rotational distributions in the maximally populated vϭ2 manifold. Summed over all rotational states, the current product state distributions are in reasonable agreement with previous vibrationally resolved crossed-beam measurements of Lee and co-workers 34, 35 obtained under lower energy resolution conditions, as well as with the theoretical predictions of Castillo and Manolopoulos. 28, 58 In terms of nascent state populations, the present rovibrationally resolved results represent the most rigorous test of both ab initio and dynamics theory to date; the very favorable agreement indicates strong support for both the quality of the potential as well as the ability to perform accurate full quantum coupled calculations on a single adiabatic surface. At a more detailed level of inspection, however, there is clear evidence for outstanding discrepancies between theory and experiment that warrant further attention. Specifically, theory significantly underpredicts population in the highest energetically accessible rotational levels in the vϭ3 manifold states, by as much as factors of 5 or more. This point is most clearly made in the HF(vϭ3,Jϭ5) level, which is energetically closed on the Stark and Werner surface 27 at 1.84 kcal/mole, yet still energetically accessible from accurate thermochemical predictions and experimentally observed. This highlights the need for further refinement of the exit and entrance channels on the FϩH 2 surface in order for such threshold phenomena to be reliably explored with fully rigorous quantum dynamics calculations.
